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ABS’I’RAC’I’

Wc ICpoll the Icsll]ts  of a Sul”wy  of 1 NW 1 :I”c(]llcllcy  (1,1 i) pklsl’n;l  W:lvcs (Ickxlc(l (luring,  the

lllysscs  JupitcI”  flyby. II] tlm Jovi:it~  forcshod,”  two l)lc’(loll~il~:ll)t  W:IVC  periods arc’, ddc.ckd:  102s

and  5s, as mcasurc(i  in tlm sp:mcrafl  fr:~mc. ‘J’hc 1{)2s wavm  am  hip,hly nonlitlcar  (Aii/l$, = 1.5),

propagate, at lnrgc. angles [() ii(, (( yj)ical Iy M)”), arc> s(ccj)cncxl, and somctin)cs havr  :1( laclm(l

whisllcr  packcls. lior tl)c interval an:tl yzcd, tllc 102s wave.s hdd mixd rig,ht- :111(1 ICf(-l):in(i

])ol:lli7,:ltiol) s.” Wc arg,uc thnt tlmsc arc al l  consisknt  with l)cillg rigllt-l)an(i Ill:lg,i)c.losollic”  waves

in the. sol:ir win(i frame. ‘1’hc 1 (Ps waves wi(ll at(tIclIcd wl)istlcrs were similar to colnctdry

Waves. ‘1’hc Ir:iili]lg,  ])orliolls”  were lillc.:lrly

polnrind  with amplitudes (icclc:;lsill~lillc:ll”ly

kcV l)lotol)sflc)m~il)g,”  from llmJovi:lll l)()\\~sll()ck/lll:lgllc.t()sllc:itll  into tl}cll~)stlc::llll  rcg,ioll. ‘J’hc

ins(:lbili(y  is tl)c ion kam ins(:il)ility. IIig, hcr Z ions wuc consi(krcd  as a sourer  of the waves,

l)u[ lmvcbccn  rulc(l out ducto  tk low sul)wiir(l  velocities ncdc(l  fol’[llcilrc’soll:il)cc.” ‘1’hc5s

W:IVCS  have (Al\c) /110: 0.S) arc cmnprcssivc :IIKi :II”C ]cf(-hand po]arimd it} the. slmcccrafl  fralnc.

local g,cncratiol~ by three (Iifformt  rcsol)ant  it)lcraclions  wuc consi(lm’(1  aII(l II:IVC txx..n ru]cd

(Jul.  {)m possibility is Il):tt  these wawx  arc whistlcx  mo(lc  by-pr(ducls  of tllc S{CC1)CIIC(I l o w e r

frequency lll:lgllc’tosollicl  t~:lvc.s.” h4illoltl~o  clcs(lllc (lllc:s\~~cl~’(  lctcc[c.(1” tlII”OLIf!,lIOLI(tl  IL:ol  I[i)OLIII(l

IIl:lj:l)rlosllc[  ltll passes. 0~11  for these s(ruclurcs were consis(cntly  in thr. r:III~,r  80<’ to 90”,

exceptionally high values. Assumit)&  1 kc`Vl)]()t()]ls, tll~s]~ii~it~gt~  ~t\\`~~]l(l) ~]]lilg])cti~(lc~ l~;iscs

is - 10-201’,).” Close to the lll:l[!,l)L’tol)  :lllsc, , (
. .

slliall  amp]itu(lcs  AI I/ J~{)ZO .15),  transverse waves

were (iclcctc(i.  Within  tlm wave p: Ickcl, ri[!,h[-, lcf[- tInd limwr 1)ol:ili7:itiol}s” wcm fou]l(l.  ‘J’hcxc

may tx similar 10 wave.s (Ictcctc(i in llIc liarlh’s l’lasma lkplc[ion  IJdycr (1’111,). Wi[hill tk

Jovian low lati[u(lc  tmundnry  l: IyL)J, CI)]IIIIICC(I tI’:lll SVCl’SC  S] NXtl’:11  J) OWCI” W:IS (iCtCCtC(i  at

frc(]umcics just t)clow the J)l’otoll”  Cydotl’(m  frc(]umy. Atot:ll  lll:igl~clic])ow~clof”  10-1 11’1’2  W:IS

(Iclmmillcd.  Cross-f ic,l(l (Ijffusjon  of - 1 kc.V l)rotolls” yid(ls  a c:llculatcd lmuII(l:II’y  l:iycr

tl)ickncssof O.15 Rj; if 100kcV  ]l]:lf,llct()sjlllclic]  )]()l()]]s:ll  c.2isstl]])c(l,:i  1.4 l{jtl)icknc.sscan  t)c.

?



fornmd by this process. ‘1’ransvcrse  Icfl-hand  (spacccratl  fmmc) waves  we.rc  (ictcclcd  w i t h i n  tlm

Jovian l[l~f.111CtOS@21’C. These waves have periods of 5-8 ~llinu[cs,  arc elliptically to circularly

polarized arid propagate in a range of 10° to 43° rclativt: to ii.. IL is most likely that these waves

arc gcncmtcd by an iotl bcatii instability. Assuming S+, wc get a rcsomnt  parallc] energy of 6(]

Iicv .

]NTRODLJOION

l%cvious  spacecraft encounters with Jul)itcr have.  in(iicalcd tlm prcsc~lcc of 1,OW 1 ~rcquc]lcy  (l,l;)

cltmromagnctic  waves in and near the Jovian Mag!)ctosphcrc  (Smith, ct al., 19-/6; Smith ct al.,

1983; 1984; Smith and l’surutani,  1983; (iolds[cin  cl al., 1983; 1985; 1986,  Snlitb  atid ICC,

1 986; Glassmcicr  cl al., 1 989). in lhis papc.r  wc will sur-vcy  1 ,l; waves  dc[CCICd  by (l)C

m:lgnctomctcr onboard lbc lllysscs  spactxrafl  during  i[s near-Jupi(cr swingby in February 1992.

“1’hc.  purpose of this paper will bc to give tlw rcsu]ts of a preliminary survey of waves in tlw.

Jovian foreshock, II)agl)C[OSl)C>:l[ll,  low la[itudc boundary layer and ~~~:l~,[)etos])l)t:lc.  Many of

tl)csc 1,}: wave Inodcs  have never been obscrvmi  previously at Jupiter. Analogous waves hiovc,

bowcver,  bum rc.por[cd in the ]]c.al -I[i[] [h cll~~ilollll~~:~]t. Comlmrisons of wave propcrlics  slid

wave-partic]c inlc.ractions  in the two rcxions  will bc made wlwrc appropriate.

Ulysses was launched from Cape Kennedy 011 October 6, 1990 on a mission to explore. the polar

regions of tl]c SUII. 111 order 10 oi)tain ii triijcctol  y wilt)  > ‘/()<’ solar latitude.s, it was l]tXCssary  to

first send the spacecraft to Jupitm (o obtain  a gravitational assist to !ling Lllysscs WC1l out of the

ccliplic  plane. ‘l-hc planetary cncoutltcr  (pcrijovc)  occurred on I ‘cbruary  8, 1992 ( 1204 U’]’). ‘1’hc

near-Jupiter tr:ljcctory  is show]i in 1 ;igurc 1. Onc unique fca[urc of [hc flyby was the probing of

the (iusk-side [~~ngllctos[)llc.rc/ll)  :lgllctc)sh(::ltt), a region which had not been previously explored

(Smith ct al., 1992). III [Ilcir initial rcjmrt (Ilalo:h C[ al., 1 992a), [nag] lc,tic field investigators



noted illtcnsc  I ,1: wiJvcs within this rc~ion. Wc will analym  the.sc waves as well as others

dctcctcd  durin~  lhc inboun(l  pass.

“l”hc magnetcntlctcr invmtigation  has bum discussed in clctai] in Balogh, et al. (1 992 b). ‘1’hc

i n s t r u m e n t  is cornposc(l  of a Vector Ilclium  n]agnctmnc(cr  an(i  Fluxgate  m a g n e t o m e t e r .  OJM2

magnetic vector per second  is obtained from each sensor, “l”his high time resolution data will be

used itl this paper.

AI) I’ROACI 1

To suI-vcy the 1,F waves (f < 1 lIz,) within and in the vici]lity  of tllc Jovian ~~l:lg[~ctosl]llc]c.,  a

systematic SCWII  of magnetic field da[a for tlw c.Iltilc  c.ncountcr  ]Jcriod was ma(k.  ‘1’hc hi~hcst

tin~c  resolution (1 s) data WLIS  ulilimd  so that possible high frequency cli)issions would be

dctcctcd as well. “1’his paper rc.pol-ls all of tlm obvious clllissions clctcctcd  during tht Ulysses

CIICOUIIIC.1”.  l’hCl’C  is, lIOWCVW,  tllC possibility tllilt  SOIllC  WilVCS  WL!l”L:  CithCI’ OVC]”lookCd” 01’ Jl]iSSCd

in this survey.

]<I;s[II :Is: OIHIiRVATIONS

‘l”hc  Ii]agnc(ic  field  ill the region  U] MIUIII of the bow shock  (the foreshock) is shown ill I~igurc 2.

3’I]c field is plot[e(i in Solar Ilcliosphcric  (S11) coorciina[cs  where R is radial] y from the StJJI, ‘1’ is

~ cmsscd  into the solar rotation axis, !5, (IloI”Illilli7C(l),  al]d IQ complctcs the rig,ht-han(i  systcm.

“1’his foreshock region  is (iistillguisimi  by ti]c prcsc,ncc  of larg,c  aJnplitu(ic.  co~n])rc.ssiona]  waves

with pc.ri(xis  of - 1(12 s tin(i ()~~ilsi(lllal  WaVC  ])ackl:ts ti]at hiJvr C)KICS  with -25 s pcrimis. “1’wo

CX~Jlii)]CS of the hiltcr :Irc fotJII(i  ill t}liS  ];igllrc,  O1lC tit ]705 LJ’I’  and a sccon(i  at ]-/12 LJ’1’.
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‘I’hc. ]owfrcCJtlcllcy  (lo-~ ll~,)co~ilpl<cssiorl:ll  v’:l\~cs c~in}~:lvc  ~Jcak-tcJ-backgrottr~d  ratios  aslfirgc

as three-to-onc and pcwk-to-peak transverse ar~lplitudes  as large as 1.5 tin]es  the background

fic.ld, i.e., tl~cwavcs archigl~ly r~[~l~lirlc:lr.  ‘ll w--- 25s wave packets arc also highly nonlinear at

tirllcs. ‘l’he event at - 1’705 lJ”l’ has a peak-m-peak trarrsvcrsc  amplitude. at 1.4 n’1’ in a ().6 nl’

magnetic field.

Principal axis arialyscs  (Smilh  and ‘J”surutani, 1976) wc.rc pcrfonncd  on the wave.s of this b’ip,urc.

‘1’hc intcrva]s of analysis arc indicated by horizontal bars at the bottom. “1’hc  results of the

arlalyscs  arc irl(iicatc.d in bctwccn  ttw 137, and 11]1 panels. Given arc the arlg,lcs of propagation of

the wave relative to the ambicnl llia~nctic  field, (1~1~,  and also the wave sense of I otatiml relative

to fio. R indicates a right-hand sense of rota~ion  a]id 1, stands for lcl’t-harld  rotation (as nlcasurcd

in (he spacecraft frame). WC, fin(i a r]lix of p~)lilri~:iti~ns,  both right-  han(i an(i left-han(i irl this

intcrvai. ‘1’}m waves propagate at rcla[ivc]y  large an.glcs  relative LO the arnbicllt  ficl(i, varyins

bctwccn  ?4” an(i 84°. No waves were foun(i which were. propaga[irlg  at ar]glcs lCSS than 15“. ‘l’he

waves varimi from circularly to c.llipticaily  polari~,e(i. Most wc.rc plane polarimd,  but son~e were

riot.

A rclatior]si~ip  bctwccri the wave. pol:lriyiltio])”  and [IIC ~l)ag]]itudc  of 13X is al~parent  in [he l:ig,urc.

‘J’hc.  tlmc i]ltcrvals  where the waves arc lcfi-han(i  polarixe(i  arc cases where llX is large, an{i the

cases where the waves arc right-hal](i  polarimi  aIc uses where 13X is small. ‘1’hc fic.l(i magnitu(ic

varies throughout the intcrvai, hul is c(~nstanl  witilin a factor of 2 to 3. It] this coor(iinatc  systcrn,

the forincr corrcspon(is  to times where the nlag,rlclic  ficl(i is aligned alotlg the so]al wind vc.]ocity

vector (CIOSC. to tile - i (iircctioll)  an(i ttlc ]attcr when the field is orthogonal to the solar win(i

(iircction.  “1’his variation in lhc fic](i aiignnlent  has important  conscqucnccs  in liic  IIopp]cr shift

of tiw waves. ‘]’his  will be (iiscusscd later.



Wc  now examine IIN wave cycle that occurs  Im[wccm 1702 to 1707 U’1’. ‘1’11(! avmlgc  propm<ly  of

tbc wave is that it is lcf[-hand polariml and is propagating a( an anp,tc of 24” relative to Ii. Wc

have, hmvcvcr,  also broken tbc wave into two parts, 1702 lJrJ’ -1704 lJ’1’ and 1704-1707 lJrl’.

}’rincipal  axis analyses were pcrfomcxi  on tlmc two picccs and the rcsultanl  ho(iograms  arc

indicated in l;igurc 3. ‘1’hc III coordinates arc Ilm principal axes where 111 is thcdimction  of

maximum variance and II? is thr direction of it]lc.nncdiatc  val-ianm. IIq, Ihc dirl:clion  o f

minimum variance, ortl)c(lir~.clioll” of v’:il~c]~rol):ig;ltioll,”  is ot]l-of-tllc-I}:ll)cl”,”  al)d comldcttx tlm

right-hand syslcm.

‘1’lmlcfl-l)an(i ]):lllclsil~(lic:ltctl~:l[  this firs[ ]mlion  of  tlwwavcis lil]carly pol:lrinxl  (LI/)bp=

14.6). ‘1’hcdirc.ctim oflninilnum  varintm (0~11)  is along  tllc ficl(i, collsislc.llt  wilh tllisporlion

bc.il)g  purely collll)l~’ssi~’~’.. ‘1’hc riglll-l~atld  parl of l~igurc  3, is Il]c l]odog,raln for the big,h

frequency packc(  por[ion  of tbr wave. II) this CVCIII,  Il]c mag,llc.tic field is olll-of-tl)c-~):ll)cl”,”

indicating thnt this pmlion  of tlm wave. is left-hand circularly polarimd  in tlm s]mcccraf[  frarnc.

‘J’lm w:lvcpackct  is]~l:llJL’.])ol:ili7t:(l  (nol slIown)  and islJ]OJ):\g:ltitlg:it  an :il]glrof30c’lcl:tlivt:to

tlmupstmim  :tl~lbict~t  l~~ag,llctic  ficl(i. ‘J’lm wave ]mckcl  is collll)t~:ssioll:il”  [is indicated by tllc field

magnitude variations shown  in Ihcliigurc.

IIisnotcd  from lhcliigurc2  Illalthcl)igl]  fll.~]llcllcJ~v’:l\~  cl~:lckc{  s[artswil]l  :ll:ll~c:lllll)litll(ic

ami this amplitude, dcxmwsc.s  with time. lirom l)lcviollsft)l~:slJock”  :ill(lcol[lc(:ily~~’:ivcs,  wc know

that lhcsc packets form al lbc lr:idin:,  cxigcs of stccpcnrxl  waves and (1w packet alnplitudcs

dccrcasc  in the direction of ]]ro~mgatio[]. ‘J’llis  indicates ll)at lllis wave is intrinsically rig,ht-

handcxl  and arc I)ropagaling  agaitlsl  t h e  solar wind, out arc convcctcd ciowns(rcam, ‘1’his i s

cmsis(cnl  will] tlmpicturcof  wave generation by ion bc.amsflowin~  in tlw sunward  dircclion.

Anotlm  type of wave dctccIcd in tlm forcsbock  is shown in } ‘i~urc  4. ‘1’}vxc arc IIigll frtqmmcy

oscill:itiotlssl  lj)crj)osc(l” on lop of tlm 10-2 }1? waves. ‘I’llcscm  ~:ivl-.sl  l:lvcfl  ~’.(]Llctlcicsllc:ll2x 10-1
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11~.alldalclcfl-l]:~rld  I~olariz,c(l  itltllc s]]~lcccl:lflfl  alllc. ‘1’hc pc.ak-to-]mak  transverse a[nplitudc  is

AWN -(). S with a significant coInpIcssiotial  compone.Jlt,  Al}ll/1111::  ().2. (Am noteworthy

fcatum is that the ]argcst  wave aml)litudcs  am often dctcctcd  when the magnetic fielcl magnitudes

is al a local maximunl. This can bc noted in the bottom panel of the I;igurc.  l;xamples  can bc

foulid at 1535, 1541, 1547,

N!Etfg!smm!!ml!!.

a) Mirror h40dcs

602, 1604 and 1616 {J’1’.

1,ar~:c magllctic structures were dctcctcd  ill the outbound Ill:lg,rlctosllc:ltll,  bu[ not the inbound

l]”I:I~TIL?tos}lc:itll (the caLIsc  for this diffm’.nm will bc cxp]omd  ]atcr in the l>iscussioll  section). An

cxamplc of these outbound nlagnctic structures is given in ];igurc  5, in S11 coordinates. “1’hc

nlirror mode structures arc tllc fit]c scale oscillations in lhc 11]1 pane]. ‘1’here arc little or no

variations in the two angle plots. ‘J’hc data has bccll illustrated in spherical coorditmtcs  bccausr

the above features (litllc or no angular variations) is one. characteristic of this particular mode

(“1’surutani  c1 al., 1 982). llalogh  ct al. (1 992) noted that this is perhaps the lonscst  train of

“WI IVCS” CVCI  ot)sc.rv~d  ill the history of s[)act’  I)lasllla obscrva[ions.

“l”hcsc  magnetic strmturc,s extend essentially throughout the c~]tirr .Jovian IIItIgIIc.tosl~c:itiI.  Au

outc.r  l~l:lg,llctC)sh(?atl~  discontinuity is crossed al - 1710 LJ’I’  };cbruary  J 3, 1992, shown on the

right of the Iiigurc, and several Inagnctopausc crossings arc on the left at -- 1357, I 740 and -

]glo lJ’1’ }“cbl”uary ] 2., 1992. (]\:llllC c.t a]., 1992a). It is noted thal the mirror lIIodc  structures

have the smal]cst  amplitudes near tlic bow shock and the largest amiplitudcs  near the

Jll:l~llCtOp;iUSC. “1’his  would bc cxpcctcd if these struclum  aJ”c  gr.llcratcd  by a collvcctivc

instability, where the instability stal”ts  Ilcal the disconti]luity and continues to dcvc]op  as the

structure.s are transported towards the l]l:i[:l~ctol):itls(:. ‘1’hcsc magnetic field lines on the flank of
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t]]c magnctoshczith  arc silnp]y  a pro~cction  of the SUbSC)]al  llltlgllctCls}lc:lt}l  fic.]ds as they drape

around the magnctosphcrc  (’1’surutani  ct til.,  1982).

An cxamp]c of the mirror mode structures given in high resolution (1s) is S1]OWII  in I;igurc  6.

l“his hour interval from 2100102200 LJ”I”  is rc]ativcly CIOSC to the magnctopausc  at 1910 lJT,

shown in Figure 5. “1’hc peak-to-minimum field values vary froli~ 3-to-1 to 4-Lo-1 and the

separations bctwccn the field minitnum  vary from 1- 1/2 min near 21 (KI LJ”I’ to - 1 ruin near 2140

U’1’.

If onc assumes -1 kcV magnctoshcalh protons, the scale size bctwccn  the ~nagllclic  dccrcascs is

10-20 proton gyl<oradii. ‘1’his  value is calcu]atcd  by equating the scale to the measured

magnctoshcath  convection velocity times time. l’rincipa] axis analyses have been pcrforlrled  on

tens of these structures. It is found that the ang]c bctwccn  the minimulll  variance direction and ~~

consislcntl y varies from 80” to 90[’, values which arc cxccptionall y high. ] ‘rem our survey,

dircction(~)  was never found to bc ICSS than 80° relative (o the ambient magnetic field.

have only examined the most dtwclopcd  wuvcs (largest amplitu(ic)  to date, however.

b) ‘1’ransvcrsc  Mocics

this

Wc

Some discrctc transverse wtivc modes were dctcckxl  in (IIC Jovian rl~:lgl)c.tosl~catll  on the inbound

passage. I“hc small amp]itudc  wave train is shown in Figure 7. ‘1’his is the first time. such waves

have bc.cn reported at Jupiter. ‘1’hc pc.ak-to-peak transverse amplitudes arc - A~~/1 111= ().15, with

lit{lc or no comprcssiona]  A1131/1131 co~I-IponcII[. ‘1’hc wave period is -30- 50s in the spacecraft

frame. in a 5 nl’ field, this corresponds to frqucncics  of 0.2S -0.45 (2P (without the Dopplcr-

shift rcmovctt,  however).



Analyses of the wave polarization have been made using the principal axis analysis tcchniquc

dcscribcd previously. An example of a hodogram  of onc wave which occurred from 1859:10 to

18S9:S 1 lJ”l’  is shown in Figure 8. This wave is lcf[-hand circularly polari~xxl  in the spacecraft

frmc and is propagating, at an angle of 33° relative to ~~ ~. I’hc large ratio of k2/kA = 9 indicates

that the wave is plane polarized.

All of the wave cycles within the packet have been analyxcd. It is found that ttic polarizations

arc highly variable. ODC wave cycle was found to bc essentially linearly polarized (kI/L2 = 29)

propagating al an angle of 87° to 1~,,. Other wave cycles were right and lcfl-hand polarized in

the spacecraft frame and were propagatill~  at more mode.st ( 19° - 23”) angles relative to ~~(). A

discussion of the significance of the.sc hi~hly  variable polari~.ations  and ~ directions will be.

postponed until the. Discussion section.

}Ioun(lal”y  I Jnycl!

A nlagnctopausc  boundary ]aycr has bccll discovered at Jupiter, identified by unique thcllnal

plasnla chamctr.ristics (see llan]c ct al., 1992a). ]lccausc of the highly iluctuatinx  position of the

magnctopausc  (iuc to solar wind ranl pressure variations, the Ill:lgllcto]):ltlsc/t)  [)tlIl(l:il’y layer was

cr-osscd several times on both the inbound and outbound portions of the tr:ljcctory.  Wc have

studied all of the rn:~~or  boundary ]ayc.r rc.gions using power spectral analyses m dctcrmillc if

cnhanc.cd  wave activity is present.

I~igurc  9 illustrates onc of the. spectra taken at 2.135-2159 lJ’1’, 1 ‘cbruary 2, 1992. ‘1’his interval

occurred on the inbound passage. ‘1’hc coordinate systc.m used is a field-alifwcd systcm where 13X

is oriented along the average magnetic fic.l(i direction. i]z, is }IX crossed into the Sur~-Jupiter

dirccti~n  (norln:lli?,cd)  and By complctcs the right-hand systCnl. I’his  systcm has been chosen to

illustrate. the comprcssional  nature (or lack thereof) of the waves present. in the Figure, it is



noted tha( 11X and 11+1 have nearly idcnticaj traces. “1’his indica[cs that there was not tnuch

variation in the rnagnctic field direction during the intcrwal and Rx is a rcasonab]y  accurate

rcprcscntaticm  of this value. Thus, I{Y and 117, can bc regarded as transvc.rsc fluctuations prcscnl

within the boundary layer.

The proton cyclotron frequency f~P, is indicated in the ]:igUrC. onc can note an cnhanccmcnt  of

transverse wave power in the By and 137, plots at frcqucncics  slightly below QP. This same

genera] feature was noted in all four

power spectrum at -2 x 1(1-2 Ilz. is -1

~]~ gives 1]W,2 ~ ]()-1 n~2.

_Mi!gn@Q@&G

boundary ]aycr intcrva]s studied. ‘l”hc local  peak in the

n’1’2/l  Iz,. h4ultipl ying by a conservative bandwidth of 1()-1

Waves were sought within the, n~agnctosj>hcre. No obvious emissions were found in association

with the L shells of the Jovian satcl]itcs, as they had been prcvious]y  (Smith and  ~’sLlrLltani,

1983). “J”hc only clear example of waves arc shown in };igurc  10, an cxaniple  found in ihc

oLltboLlnd passage whmr l-Jlysscs was in the dusk sector.

I’hcsc waves have relatively long periods, 5-8 rninutcs  in duration. “1’hc ampli[udcs arc a~ain

quite small.  Peak-to-peak wansvcrsc  amplitudes arc Afi/1]31 Z. (). ] . Onc. can no(c that the waves

arc almos[ purely transverse, with li(tlc or no compmsional  components.

}iigurc 11 illustrates onc cycle of Ihc wave at 1445:51

coordinates. l’hc wave is ncar]y circularly po]arizcd,

tie. “1’hc B1 - 11~ and BZ - 13~ hocjograms  indicate tha[

-1457:10 LJ’1’,  illustrated in principal irxis

propa[:ating  at al] ang]c of 25° relative to

the wave is not plane polariz,cd,  however.

10



All of the other wave cycles of tk packet  were  analyzed. ]t iS f(llllld  t h a t  ail  arc l e f t - h a n c l

cllip(ically  to circularly polarize.d. Their angles of propagation vary from (3 ~T] = 1 O“ 1043°.

DISCLJSSION

~’orcshock  WavCS

a) f z 10-2 Ilz Waves

The presence of waves well upstream of the nose of the Jovian bow shock is a surprise, as the

interplanetary magnetic flcld at 5 ALJ should bc quite tigh[ly  wound up. ‘1’bus, one would

normally c.xpcct  a qtl:tsipcr!]cll(lic~]l:~r  shock at Jupiter’s subsolar point wi[h little or no upstrcatn

waves. in this case, the intcrplanc[ary miagnc[ic  field was dircctcd  along  the Sun-Jupitc.r  line, an

unusual orientation. The cause for this unusual directionality (and also the. low solar wind ram

pressure rcficctc(i by the large extent of the. bow shock - Smith ct al., 1992) is that LJlysscs

cncountcrcd the bow shock at a time when a trailing porlion  of a (;oro[ating  lntc.raction  Rc~,ion

(C31{ - Smith and Wolfe, 1976), was ~ust upstream of the shock. l’his IMP oricn[ation  allowed

the flow of cncrgctic particles brick into the upstream solar win(i and through plasma instabi]itics,

the ~c.ncration of the 1 ,F waves.

‘]’hc mix of wave polarizations, both right-hand and lcf[-hand, were noted to bc ordered by the

direction of the ambient magnetic ~;cld. ‘l”hc waves were ri[:ht-handed when the lnagnctic field

was mom orthogonal to the solar win(i (iircction. I:or a pure] y orthogonal magnetic fic](i,  the] c is

no Doppicr  si~ift and the frequency al](i sense of rotation  m nlcasurc(i by tile spacecraft

magtmtomctcr coul(i  bc the same as in tile. pl~lsn~i~ frame. ‘1’bus, these particular waves arc most

probably rigi~t-han(i  magncmsonic waves witil plasma frame frcqucncics  C1OSC to - 10-21 lx.

11



An important CIUC to ttic plasma frame polariz.a[io~l  of the left-hand polariml  waves and their

direction of propagation is given by the example shown in l:igurc,s 2 and 3. In this event, the

high frequency packet is found in the (railing portion of the longer period  (10-2 I lz) wtivcs.  ‘l’his

is consistent with the lower frequency wave plus bighcr frequency packc[s  pr(qmg,atiJ]g  into the

upstream direction (in the plasma frallic), but (IUC to the hig,hc.r speed of the solar wind, the

waves arc convcctcd  back across the, spacecraft by the solar win(i. ~’hcsc  W:lVCS  WOUiCi thcm be

rigilt-lmn(i  polarized in the plasma l’ramc. ‘] ’hLJs  ai] of the waves in };igurc 2. arc consistent with

being right-hanti  polarimi  in lhc so]ar win(i frame.

‘]’hc. same instabil ity and  noJdincaJ’  wavm  have been notc(i  ill tile ]larlilts  foreshock an(i  at comets,

(Gary,  1991; I’surutani. 1992). “1’his type, of ion resonant iilstability has bcc,n obscrvcci  to

donlinatc I J; waves gcncratcxi in the l;ar(il’s foreshock (’I”surutani tin(i Rmiriguw.,  1981; 1 loppc CL

al. 1981 ) :iJl(i  at Conlcls  (3’surutani, ] 991). “J’ilc ion bcaJns rcsoIIatc.  wili] righl-ilan(i  cyclotron

waves which arc propagating into (11c ups[rcam (iircctio]l. ‘J’hc ions ovcr[akc  the W:l\rCS,

anolna]ousiy sensing thcm as ]cfl-han(imi  (the same sense of rotation as li]c ioJl Syration  about

};{}),  aJIci  cyciotr(m  rcs(mancc  takes placx (’1’hoHlc all(i I’suru[alli, 1 98’/; Gary 1991).

Assunling this instability,

Wc first collsidcr protons

tllc energy aJl(i spccic of ti]c rcslmnsibic ion beams caIl bc calcula(cd.

as tiw rcsponsib]c par[iclcs. ‘1’0 (ic.wrmi]w  lhc energy 01 lhc rcsondnt

ions, wr must first Cictcrlllinc  the wave t_rc(]LJc  IIcy i[] lim plas]]ia (rest) frame. “1’hc solar will(i ha(i

a VC]OCily an(i (~cJlsity  of 500” kni s- 1 aJIci  ~ x 1 ()-2 CIII-3  at tim time of (]1C ~iigul”c 2  w a v e s ,

rcspcctivcly (Ilamc ct al., 1992a). WC, assume VI)I1 ;. VA (tile wave.s arc qui(c  ]tonlincar,  so this

may not bc totally correct, but shoui~i bc arcuratc  within  u factor of 2). Using a simplifying

assumption that I is aiong  ]’3 [,, it can bc (ictcrll]inc(i tilat  the wave fr~x]ucncy  ill the solar wind

is s. 2 x 10-’1 }17,. (If 0~1~ >0, (1IC rest fJaIIJC fr~’qucncy  is }lighcr an(i the ~mrliclc  resonant vciocity

is lower). 1 ‘rem tile cyclotron l“(~SollilllCC  con~iition:
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il is dctcrnlincd Itiat t!lc

phnsc  velocity is higher,

Vll = Vptl (1 - f~i/0)) (1)

parallel kinetic energy for resonant protons is - ‘/ ke.V.  If the. wave

the rc.sonant energy will tx higbcl. 11 should bc notc(l that the atmvc

proton  energy is given  in the solar wind frame. As sia(cd previously, the solar wind velocity at

this time was 5(KI km S-l. Such protons thus have velocities of “- 650 km s-l relative to the

spacecraft. “l’his corresponds to a proton energy of 2.2 IwV itl the spacecraft frame. ‘1’his is quite,

consistent with these particles being (slightly cncrgiml)  solar wind protons rcflcctcd off of the.

Jovian bow shock or n]agnctoshcath  protons cscapinp,  into the upstream region.

Wc have also cxamind  the possibility that the wavm could bc (Iuc to heavy icm beams, pcrlMps

parliclcs that have diffused from the Joviarl ]~~:lg[ictos[)herc  to the t~l;~g~lctosl~c:~tl~  via scat[e.rit)g  ill

the boundary layer (to bc discussed la[cr) and then into illt~~l~)l:lllct:ily  s~)acc. 11’roJII  Cqua[ioll  (1)

the parallc]  velocities of such resonant ions can bc easily calculated. It is found  that the ion

velocities arc too low to flow in(o tlm ups[rcam dire.ction without being  convcctcd downstrctim,

so the possibility of Ill;ig[lclospllclic  high Y, ~larliclc  leakage as a source of [hcsc waves can bc

ruled ou[.

Previous discussion of the Jovian foreshock 1,}i waves lcd to a great dew of discussion

concerning the responsible charged partic]cs. IIoth rclativis(ic  electrons of Jovian origin  (Slllith

Ct al., 1976; Goldstein ct al., 1985), Jovian pro[ons  (Smith ct u]., 1983; 1 984;  Goldstein ct. al.,

1983),  an(i Jovian sulfur an[i oxygen ions (Goldstein ct al., 1 986) have bcc]l proposed all(i

considered. “1’hc  problc.nl lies in the knowledge of the plasina fran~c wave polari~ation and

direction of propagation. Withou[ these picccs of inforlna(ion, the question cal]not  br easily

resolved. If tlm waves arc left-hand polarid  in the plasma frame pro]m~ating  into the upstlcam

direction, the.n the rcsonan(  partirlr beam arc only bc electrons (assuming the particle source is

thcbowshock  or~~-l:igl~ctosl~~::iti~).  lf[llcw:ivcs tilci~~tril~sic:llly  ligl~t-hii[](i  polarized propagating
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in the upslrcam  dire.ction, then the rcsonarlt par-ticks am protons or heavier ions. };or Ulysses, wc

find for one. interval analyzed, the upstream waves arc right-handed in ttlc solar wind frame and

arc propagating into the upstream direction, allowing us to (ictcrminc  that ions (2.2 kcV protons)

were. rcspcmsiblc for this particular event.

‘l’he wave polari~,ation in this ititcrval  often varied from cycle.-to-cycle. “1’his Change, prcsumab]y

in the. Do[lplcr  shift conclitons,  was caused  by variations in the direction of the alnbicnt  magnetic

field. When the wave fields arc co]nparable  to the alnbicnt  flcld, as was the case here, the waves

thcnlsc]vcs  can cause those field directional fluctuations. ‘]’bus, wc cmphasiz,c  that ill situations

of this type (cxis(cncc  of nonlinear w:ivcs), cxccp(ional  care must be taken to extract the 1 >oppler

shifls. Waves must bc examined fronl cycle-to-cycle, onc at a time. Mulliplc  wave. CYCIC

analyses may obviously give misleading and possibly incorrect rcsu]ts.

It should bc. noted that other foreshock intervals arc available in the Ulysses Jovian data set for

analysis. Preliminary looks indicate. that both left-hand and right-hand pol:irjnd  waves arc

present as was the case

in

to

the solnr wind frame

answer this question.

here. WhcLhcr all of the.sc waves arc consistent with being right-hall(ied

or not, has not been dctcrminc ycL I;urlhcr  dctailc[i  analyses arc nccdcd

“1’his  will bc the sut)jcct  of a future short  report.

Wc nolc that the nonlinear c.volu[ion of the waves arc quilt  similar to those al ~~olnct  Giacobini-

Zinl)cr (1’surotani, 1991). ‘1’hc m:~gnctosonic  waves stccpcn, forln a trailing “linear” compressive

portion and arc sometimes led by a large. alllplitudc whistler packet. ‘1’hc whistler Wave.

amplitude. dccrcascs ]incarly with timr. (an(i distance).



Wc consider three potcntia] resonant instabilities

waves (found cvcrywhcrc  in the upstream region):

or thr. locat  gcmcration of these foreshock

1) the wtivcs tire left-ban(i polarimd  in the

plasma frame, and arc propagating in the solar wind direction; 2) the waves arc right-hand

polarixcd  in the plasma frarnc, but arc propagatiilg towards the sun (WC will consider ion beams

as the. source), 3) the waves arc right-handed in the plasma frmnc,,  propagating toward the sun

(WC. will consider electron beam as the source).

l~,ach of these three possibilities can bc. ruled out with further consideration. I;or case 1), if wc

assume the waves arc propagating parallrl to 110, lhc IMpplm shift can bc. removed. Wc find that

tlwsc waves would have plasma frame frcqucncics of l’S\~, = 1.6 x 10- 2117,,  a frequency which is

above tbc local  proton gyro frcquc.ncy. l;lcctlo]llagllclic  waves with this properly do not exist an[i

can bc mlcd out. };or con(iition  2), wc fin(i tha( the waves woLIIci havo a frequency of 1.8 x 10-2

1 lZ in the plasma frame. Any ion spccics rc.sonant with the. waves will have parallel velocities far

too low to prop:  igntc upstream againsl  Iilc solar win(i. ‘I”hus,  ]mssibilily  ?) can bc ruitxi oLlt. l;or

scenario 3),  the cncrgctic  cicctrons  woui(l  ilavc  to bc s t reaming  towar(i  k Jovian  bow shock.

I’hc only source of such energetic electrons woulci  bc solar flare particles or c.lcctrons  gcncratcd

by an il~tcl”j~l:~lll~t:lry  shock upstream of Jupiter. 1 {icc[rons  frolll citilcr source i)avc not been

(ictcctcd  to (iatc for this cvc.n t, however.

‘l”hc three obvious sources of locai wave ~,cncration  by resonant interactions have. been ruled out.

Another potential source. is generation by a nonlinear stccpcning  process. ‘1’hc 1 (E2 I Iz, low

frequency waves stccpcn tin(i forln the upstream whistler packets shown in (hc inscr[ of I;igurc 2.

It is thought (Omi(ii an(i Winskc, 1990) that (iwsc whistlers arc simply ciispcrsivc  waves

gcncratc(i  by the stccpcning  process. ‘1’hc cvcn~ual fate of such packets is prc.scntly  unknown.

“1’bcsc  whistlers may (ictach anti [)l”()]>il~il(C  into the i[ltcl”j~l:lllctllly  nlc~iiuln. Sil”]lllliltioI)S  SUCh M
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those of Omidi and Winskc (199(1) have indica[t.d tha[ such a sctmario JIiay occur.  Bccausc these

high frequency waves arc associa~cd  with regions where the magnetic field rnagnitudc.s  arc the

largest, the observations are. consis(cnt with this idea, in this scenario, the waves arc whistler

mode emissions with frequencies of - 1.8 x 10-2 IIY propagating towards the sun. ‘1’hcsc

emissions arc convected past the spacecraft by the solar wind and arc dc.tcclcd  as left-hand

polarized in the spacecraft frame.

M~g!~Q~@math  Str~lctWs._3!~._W~WGs

“1’hc condition for niirror  III(KIC. instability is:

Pdml >1 + I/bl (2.)

“1’hc Inirror inslabi]ily  occurs when the prc.ssure anisotropy, [t~ /(311,  is either large or when ~,1 /~11

> 1 and ~ is high. I’his instability was originally discussed by ~handrasc.kar et al. (1958), IIWI]

by IIascgawa  (1969, 1975), and more recently by l’atel et al. (1983), Price (1986), Migliuolo

(1986), I.CC ct al. (1988), Price. (1989), Gary (1992), GaIy et al. (1992) and Southwood and

Kivclson  (1992.). Iirom the above  expression for instability, it can bc noted that whcl~ ~ is high,

the instability can occur for rcla[ivcly small anisotropics,  such as in u shockmt  plasma, e.g.,

within a plonctary maglwtosfwath (’1’suru(ani et al., 1982,  1984; “1’hor~lc and “1’surutani,

{Yolcy et al., 1986), in a cometary nlagnctoshcath (Slnith  ct al., 1987; Ymoshcnko,”  c1 d.,

Russell et al., 1 987) or in the solar wind al strcan]-slrcam interaction regions (’J’surulatli

1987b;  1992).

F’or planetary rl):]g,llctosl)~::ltlls,  the ncccssary prtxsum aliisolropics  can bc crcatc.d when the solar

wind plasma is abruptly dccclcratcd and prcfcm)tially  heated (in ‘1’1 ) across a l)c.1.])c])(lictll:~]

shock.  ‘1’hc anisotropy will he. further mhanccd  as the plasII)a and ]nagnc,tic fidds drape around
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the phrnctary  magnctosphcrc  as the l~~:lgr]~~tosl~catt-1  plasrr~a convects towards the daysidc

magnctopausc,  as dcscrihcd  by the 7Jwan-Wolf (1976) model. Thus, if the in(crplanclary

rnagnctic field is oriented orthogonally (or rrwrrly  or[ho~,c)nal]y),  free energy for ihc mirror

instability is supplied all the way from (1IC shock to the rmgnctcrsphcrc.  A schematic of this is

il]ustratcd  in Figure 12. The figure shows sheath fields and pos[-shock  plasma distr-ibution

functions for in[erp]anctary  fields both perpendicular (a) and parallel (b) to the solar wind

vclm.ity.

On the lJlysse.s  inbound passage, the intc.r[)lanctary  mfignctic

(ra(iial) an(i the plasma hinting at the shock nose was that of a

fic]d W:IS dircctcd toward tllc Sun

quasiparallc]  sho~k whwc (hr. ions

were presumably hcatc,d  primarily ill the fic.ld-alig,nc~i ciircction  (shown in 1 ~i~,urc  12b). ‘l’his

anisotropy is not mnducivc  [0 the. gcncratiorr of mirror mode structures and no]lc were dclcctcda

‘1’cn days later, as Ulysses was exiting the rll:lgllct(~sl)hcrc,  the intcrp]anctary  magnetic field had

rxxurncd m its mm-c

(]uasipc.r~>c.ndictllar

pressure anisotropy

typical tigh[ly  wound Parker sJJiral  con fip,uration (1 Cpping  ct al., 1993) and a

shock would have forme.(i  near the nose of the bow shock. Rccausc the.

is initially forlncd at the shock and is cnhanccd  as IIN pJasn]a and field lines

convect towards (and drape around) the rll:lgrlc.(ospllcrt~,  onc would cxpcc.t the Inirror structures

to c.ontinua]]y grow as the magnctoshcath p]asma is convcclc.d  from the shock to lll:lgllct{>p:ltrs~:.

‘1’hc relationship bctwccn the field and plasma near [hc subsolar point to that al the flanks near

local dusk is il]ustrutcd  by P’igurc 12a. I:or this itlt~~rl~lzlrlct:lly  field configllra[ion the mapping

from noon to dusk 10GIJ (imcs is quite simplr.. ‘1’hc results prescnlcd in this ]mpcr arc consistent

with tt-m above scenario.

I“hcrc has been quite a bit

planetary lt~[igrlctoshc:ltl~s

greater (Price ct al., 1986;

of controversy as to why mirror mode structures arc dclcctcd  in the

when the lil)car growth rate of ion cyclotron waves is thcorc[ically

Gary, 1 992). ‘Ilc IIlost r~.ccllt  work of Gary c[ al. ( 1992), indicates

that for snlall  anisotmpics,  2 > ‘1’. I /’1’11 > 1 in hi:h f) plaslnas (P > 1 ) ,tbc mirmr  mode has llw
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highest growih rate, but for low ~ pltistllas,  the ion cyclotron has lhc higbcst g! owlh rate. ‘l’his

nc.w result  seems to cxp]ain  the various observations.

III addition to mirror mock  StrLICtUrCS,  transverse waves have prcvious]y  been rcporlcd  in

planetary rnagnctosheaths  (}~airficl(i  an(i IIchannon,  1976; lIubcrt  ct al., 1989,  SCkopkc ct al.,

1990; Drinca ct al., 1990; Glcavcs and Southwomi  1990; 1991). Most rcccnti  y, waves have been

i(icntificxi  and studied in the plasma depletion layer (}}111,), a rcgicm  of low ~ plasma adjacent to

tlm rnagnclopausc. Song ct al. (1990) find tha[ ti~c waves during their event arc citimr right-hand

or lincar]y polarized. The ccn[cr frequency of tim wawx  is about  0.5f2j anti tbc colliprcssional

component is about 10% of tile ambient ficl(i strength. Bccausc  the waves arc not left-hand

polarizc(i,  they argue that the waves arc not ion cyclotron waves an(i their generation may be

associakxi  witil tim free, c.mrgy of ttw slro IIg gra(iicmls  prmml in the. region. 01] the other llan(i,

An(icrson  ct al. (1991) have foun(i waves in ti]c same region of space using tile AM P’1’J\/C:U;

magnctomctcr  data. “1’hcsc  authors fin(i two ban(is  of waves with frcqucncics  f < !+,. ‘1’here is a

higher frequency band Q] Ic‘+ < f < QP an(i a ban(i  with f < L+[c++. ‘1’hc higher frequency band is

composed of transverse left-hand polarizcxi  waves while those  waves with f < Ql IC+ -} arc lincarl y

polarimd. “1’hcsc  rcsu]ts coupled wilh an obscrvc(i strong prolon Kmpcra!um anisotropy of “]’J  T1’11

-1 : 1.7 in tile 1)111,, lcd An(ic.rson  ct a]. {o conclucic  tha( these emissions arc clcctl(J1ll:~gll~~tic  ion

cyclotron wave.s and arc pro(iucc(i  by the sccvlario proposmi by Gary M al. (1992). An(icrson CL

ai. also ccmclu(ic that tile waves obscrvcxi by Song ct a]. ( 1990) e.xhibitc[i linear  polari~,ation an(i

a sing]c sp~~(ra] pcaii ccntcrmi  near f), )/2 (S.2]1C+  + ) an(i tilCl”CfOl’C “(io n o t  a(imit to tile

iIl[clI>r~:t:ltioll  of generation by tlm ion cyclotron instability”.

A( Jupiter, in a region of the ll~:lgt~ctosh~::ltll  quite C1OSC  to [hc magnctopausc  (which n~ost

probah]  y corrcspon(is to a Jovian  1)111,), wc finci waves with frcqucncics  of - 0.2.5-0.45 QP,

assunling  }30 - 5 n’ ] ’ . “1’hc frc.qucncics  arc only approximate, however. ‘1’hc ficl(i varies

ti~roughout k. interval, al[cring  (Iw local gyrofrcqucncy. Also bccausc Lilt waves arc dctcctcd  in
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the n)agnctoshca[h  where there arc convt.xtivc motions, significant wave Ilopp]cr  shifts arc

possihlc. Thus a morccarcful  analysis is warranted at a later ciatc.  It is also possible that a

Qllc++n  otchisp  rcs~~r~ti  llotlrd  at:l,asw  asfc~~lr~tii  nthcAn(lcrsone  tal.(1991)  rcs~l1ts.  Whatwc

find to be quite striking is that ri@~t-, left- an(i lincar]y  polarimd  waves arc all dctcctcd  within a

sin.glc  wave packet, If onc assumes all of the cycles of a wave packet arc gcncratcd by the same

instahili{y,  these. results indic.atc that tbc Ewth PIJI, wave observations of Song et al. (1990)  and

Anderson ct al. (J991 ) may not bc as (iisconncctcd  as onc might  first assume. l’ropagation  across

tbc. dcmblc ion (11, Ilc+ + in the. magnctosbcath)  crossover frequency (3’home and Moses, 1983)

may cause wave polarization rcwcrsa]s giving right- as WCI1 as left- hand po]ariz.c(i  waves. “1’hc

Anderson et al. fll IC + + notch  may be a double ion stop-ban(i.  Clmrly,  carcfu] analysis is nccdcti

in this area. 1 lowcvcr,  this is beyond the SCOIJC of the present analysis i~lld will be postponed

until further more dc.tailed  work is possible.

Although broa(ibanci  I;,I .F/VI F and 1,1~ waves have been (ictcutc(i in the }iarth’s low latit~l(ic,

boundary layer (Gurnctt  et al., 1979; Pcriaut  ct a]. 1979; ‘1’surutani ct a]., 1981; 1982; 1989;

A n d e r s o n  ct al., 1982;  (;cndrin,  1983; 1,allc.llc.  and “1’rcumann,  198’8;  “l”hornc  anti ‘1’surutani,

1991 ), this is the first tilnc.  such cnhanccd noise has been discovcrccl  in a Jovian boundary layer.

Wc have. founci that cnhanccd clcctl’c~lll:i~,llctic  waves exist at frcqucncics  ~ust bc]ow the proton

cyclouon  frcclucncy, a fcatul-c  si[liilar to that found by Gcndrin (1983) in the l~arth’s low latitude

boundary layer. S i n c e  t h e  U Iyss(’s lll:lgl~ctol-I-lctcr  frcqucmcy  range (iocs nol e x t e n d  t o  t h e

Iil .F’/Vl.I; values, wc cannot comtncnt  on whether these emissions arc part of a broadband

spcclrwm as exists at I;arth or not. ‘1’here is an cxccllcnt  plasma wave cxpcrimcnt  onbourd

l.Jlysscs (Stone ct al., 1 9 9 2 )  capab]c  of thrsc  IIIc:IsLlrcII~c>I~ts,  and wc arc presently collabora~ing

with rcscarchcrs  cm this team to look into this possibility.
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“1’hc  prcsc.ncc of waves at and nc.ar the Jovian magnctopausc,  has  important collse.qucnccs  for

par[ic]c.  diffusion across this boundary. Resonant interactions with magnctoshcath  and/or

magnctosphcric  ions with either clcctromagnctic  and/or electrostatic waves can lead LO

significant crwss-field diffusion. Magnctoshcath  protons can diffuse into the magnctosphcrc,

possibly forming the boundary layer, and magnctosphcric  ions can bc diffused outward into the

nlagnctoshcath,  allowing eventual cscapc inlo interplanetary space. A fomial cx~wcssion  for Lhc

cross-field scattering rate hrrvc been dcrivc{i in 3’surutani  and I’hornc (1982). in equation 3

below, wc give the expression for diffusion duc to resonant intc.ractions  with the magnetic

componcmt  of clcctromagnctic  waves:

where I]W is the. wave amplitude and Dllli,x  is the maximuni, or llol~mi (ii ffusion  rate. ‘1’hc latter is

Sivcn by:

(4)

where l;.l is the. perpendicular kinetic energy of the jmrliclc in kcV, atld 110 the alnbicnt maglmtic

field in n-l’. AL the Jovian boundary layer the ambicnl l-l-lilgllCtic  field is 5 n’1’. Assutiling a

magnctosbcath  proton energy of 1 kcV, 1)1 I1:,X is 105 kmz s-1 . ‘1’hc }10}1111 diffusion rale, is mm

order of magnituctc  higher than that of tllc Ilarth bccausc the field is wcalwr by approximatc]y a

factor of 10. l]sing  the magnetic power of 13W2 ~ 10-] r~’1”2, taken from }Figurc 9, wc ~,ct a value

of ] 03 kl112 s-] for I“>J  ,1].

1’o get an estimate of the thickness of the Jovian boundary layer that could  bc gcncratcd  by such

a dii”fusicm  procrss,  wc. USC,  a lime scale. 01’ thr. convection from the nose. of the. magne.topausc  10



the flank. A sheath velocity of 1(KI kni s-] and a distance of - 1 SO RJ arc asstlmcd. I;CM I kcV

protons. the boundary layer thickness will bc - (J. ] S I<J.

The diffusion rate and boundary layer thickness will bc much larger if the ions of concern are

rnorc cncrgctic (SCC equation 4 and discussion in Gcndrin, 1983). I;or 100 kcV protons, d =- 1.4

l{J. It is also possible that if substantial c]cctrostatic waves arc present (as at bkrlh),  cross field

diffusion can occur at an even more rapid rate (sr.c discussion in “1’surulani  and ‘llorne, 1982 and

, (icndrin  1983).  Wc will have 10 await furlhcr analyses of the Iil .I~ and 11’ electric wave data to

scc if this may bc the case.

.M.:lgIl.clQs~!lcli.Q  MM’s

Following the same ar~unmnts  given for thr. upstrwrrn waves, wc can calculate the rcxonant  ion

cncrgics using the local Alfw%  velocity. Ilamc cl al. (1992) give a density wtluc of 3 x 10-2 Ct-rI-3

a t  the  t i m e  of w a v e  o c c u r r e n c e .  110 is - 8 I i ’ ] ’ .  VA iS thUS  1 X  ]@’ kIIl S- ].  “j’hC I“IJOs(  likc]y

resonant intcracticm is the loss cone instability in which magnctosphcric  ions and the gcncratcd

waves arc propagating in opposite directions to each other:

(1.) + kll Vll ‘“ Q; (5)

At [his time, wc do not have Lhc ability w idc.ntify [he. io]l sj~ccics, but wc will take S+ m a

rcprcscntative  example. If wc usc the given numbers, wc find that 60 kcV S+ iorls will rcso]latc

with the given waves.
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l;igurc 1. The Lllysscs ‘1’r:ljcctory  in the Jupiter orbital  plane. Adapted from Smith ct al., 1992.

IJigurc 2. An example of foreshock 10-2 Ilz waves dctcctcd on the inbound pass. The inset

shows a large amplitude high frequency (25s) whistler wave packet.

Figure 3. Ilodograms  of two parts of a stccpcnccl  magnctosonic  wave at - 1705 lJrl’. q’hc

trailing portion of the wave (Icft-panel) is linearly polarized. “1’he front part of [he

wave (right-panel) is left-hand circularly polarimd  in [hc spacecraft frame.

};igurc 4. An example of 2 x 10-1 ]Iz waves. ‘1’hcsc  high frequency oscillations arc supcrposc(l

on top of the 10-* }1~ waves and typically occur near local 1131  maxinla.

I;igurc  6. Mirror mode structures in high time resolution. “1’hc ~~c~:lk-[o-r~~ir~it[~~lr~~  field values

vary from 3-to- 1 to 4-10-1. OkIl varies from 80” to 90” and the spacings bctwccn

field magriitudc  dccrcascs is - 10-20 rI), assuming 1 kcV lll:lgr~ctcJsll~~atll  protons.

Fig,urc 7.. Small amp]itudc  waves dctcclcd  in the  Jovian  ll~tigllctoshc:~tll,  CIOSC to the

magnctopausc. ‘1’hc polarization of the.sc waves arc l’oLInd  to be highly vari:iblc.



I~igurc8.  AhodcJgr:ir~~  foraw:ivc  il~I;igl]rc7fro1~~  1859:10to  1859:51 U’1’. ‘l’hcwavcislcft-

hand circularly polarimd  in the spacecraft frame, propagating at 33° relative to fro.

Figure 9. Wave power spectra within the magnctopause  boundary layer. “J’hc spectra arc for

the thrc.c components of the field and magnitude ill a field-aligned coordinate

system .

Figure. 10. Magnctosphcric  waves with 5-8 min periods. “J’}~c small ampli(udc  waves arc

determined to be left-hand cllip[ical]y  to circularly polarized propagating from 10°

to 43° relative to fit).

I;i.gure 11. A hodogram for the wave occurring bctwcxm  1445:51 to 1457:10 lJ’J’.  (lkI) is 25<’ for

this case. 3“hc wave is not plane polar  i~.cd.

l{igurc 12. A schematic giving the orientation of m:~gnctoshcath  fields and the. shock-generated

plasma anisotropics  for intcrplanclary  magnetic fields a) pcrpc.ndicular an(i b)

parallel to the solar wind Jlow direction.
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